Abstract: An attempt was made to study the oxidation of manganese by air in synthetic waters. A series of batch experiments were performed at different values of concentration, temperature and pH. Unoxidized manganese in the solution was determined by formaldoxime spectrometric method. Results of these studies indicated that the air oxidation of manganese soluble in water can be effectively performed in basic media and that oxidation yield increasedwith an increase in pH and concentration. The yield was very high in the presence of manganese dioxide, sepiolite or clinoptilolite in solution and, the oxidation was almost completed especially at high values of pH and concentration. The reaction was found to be first order with respect to Mn 2+ with a very low activation energy. A yield of 62 % was obtained for the air oxidation of wastewater taken from the treatment plant of Corum Municipality.
Introduction
Manganese is a natural constituent of some soils. It is concentrated in water by contact with rocks and minerals. Manganese usually does not present a health hazard in the household water supply. It can, however, affect the flavour and colour of water. It will typically cause brownish-black staining of laundry, dishes and glassware [1] [2] [3] .
The water containing high concentrations of manganese is unsuitable for use as drink-ing water without appropriate treatment. Thus, a simple treatment technique which can be used widely and for large quantities is needed [4] . Water utilities often remove it by oxidation using an oxidant such as chlorine dioxide [5] . However, aeration remains an useful option to oxidize manganese in reservoirs. Aeration induces MnO 2 to precipitate which is then removed by filtration [1,6]:
In this paper, the air oxidation of manganese in synthetic waters was studied. A series of batch experiments were performed at various concentration, temperature and pH values. The activation energy and the order of reaction were determined. The study was conducted with the wastewater taken from the treatment plant of Corum Municipality.
Experimental
It is known that the rate of air oxidation of manganese in water changes depending on the pH, amount of manganese and oxygen dissolved in the solution [7] . In the light of this, the experiments were carried out separately in basic, acidic and neutral media. The pH was adjusted by adding H 2 SO 4 or Na 2 CO 3 to the solution. Low conversions were observed in acidic and neutral ones (pH 3 and 7). Therefore, the study was conducted at four different basic pHs in the range of 8 to 11.
Reagents used were of analytical grade. The manganese solutions of three different concentrations (25, 50 and 75 mg Mn 2+ /L) were prepared by dissolving appropriate amounts of MnSO 4 ·H 2 O in water. Air was bubbled through the solution at about 50 mL/s to achieve the oxidation . The reaction temperature was maintained at 20
• C. In order to study kinetics of oxidation, the experiments were repeated at temperatures of 35 and 45
• C. The bath temperatures were kept constant by a thermostat. In order to increase the contact between gas and liquid phases, glass beads with a diameter of 10 mm were added to the solution. Lastly, the oxidation was tried on manganese dioxide, sepiolite or clinoptilolite supports. 0.5 g of support was used in 250 mL of solution. The study for manganese dioxide was repeated with an amount of 0.2 g. The solutions were analyzed by formaldoxime spectrometric method [8] . The oxidation yields were calculated over a time period of 25 minutes, as conversion percentages.
Discussion
At first, the experiments were performed in basic, acidic and neutral media. However, as expected the yields obtained in acidic and neutral ones (pH 3 and 7) were very low [9] [10] [11] . Therefore, the study was conducted at four different basic pHs in the range of 8 to 11. It is apparent from Figure 1 that the conversion increases with an increase in pH and concentration. This result agreed with those in the literature [7, 12, 13] . The yield was above 90 % at high values of concentration (75 mg/L) for a pH of 11 while it was below 50 % at lower values (25 mg/L and 8). An increase in yield with increasing concentration of manganese suggests that dissolved oxygen is sufficient for air oxidation of manganese under these experimental conditions. Increase in yield with pH may be explained as a result of formation of manganese (III) hydroxide. Mn (III) hydroxide is known to be a coagulant and helps accelerate precipitation leading to a higher level of conversion [14] .
The second set of experiments were carried out in solution with a packing of glass beads. As seen from Figure 2 , effects of pH and concentration are similar to the previous ones. However, the yields are higher than those in the solution without packing. This result may be explained by the fact that the contact efficiency between the gas and liquid phases increases in the presence of packing [15] . Figure 3 shows the results of experiments where MnO 2 was used in addition to glass beads. In this case, the percent conversion is increased as compared to that in the absence of MnO 2 . However, higher yields have also been obtained when the amount of MnO 2 was increased ( Figure 4 ) and is in agreement with the findings of Berbenni et al. [11] that manganese oxides catalyze manganese oxidation as efficiently as a chemical catalyst.
High yields have also been achieved when sepiolite or clinoptilolite were used instead of MnO 2 (Figures 5 and 6, respectively) . It must be noted that with each of these, especially at high values of pH and concentration, an almost complete oxidation took place. However, it must also be stressed that when a larger amount of MnO 2 (0.5 g) was used, the oxidation required shorter time as compared to the other cases.
High yields obtained with all the four different packings may be attributed to the increase of gas-liquid contact efficiency. However, other effects associated with these packings such as ion exchange, adsorption and catalysis must also be taken into account. White and Siddique studied the synthetic manganese dioxide as a material for the removal of Mn(II) from drinking water and observed the ion exchange effect [16] . A filter made of natural clinoptilolitic zeolite covered with manganese oxide was used to remove manganese from water and the contaminants were removed in the filter bed by adsorptionoxidation reactions [17] . It was suggested by Simeonova et al. that zeolite covered with manganese precipitates was highly selective for manganese and this made the treatment of groundwater with high manganese concentration possible [18] . Berbenni et al. suggested that manganese oxidation was catalyzed by manganese oxides [11] . Murathan obtained high efficiency for adsorption of aqueous manganese on sepiolite [19] . It is known that the first order dependence on Mn(II) is a reasonable assumption for oxidation [7, 20] . Therefore, the semi-logarithmic plots of C 0 /C versus time were plotted to study the kinetics of oxidation (e.g. Figure 7 ) and it was demonstrated that the rate of removal of manganese is consistent with this assumption. The rate constants calculated from the slopes of lines drawn are given in Table 1 . These values have been calculated as an average of three different values determined at temperatures of 20, 35 and 45
• C (Table 2) .
Thus, the activation energy of reaction can also be calculated by using the Arrhenius equation [6] . For this purpose, the values of ln k versus 1/T were plotted(e.g. Figure  8 ) and the calculation of activation energy from the slopes of lines were attempted. As seen from the figure, the slope of line is close to zero. It may be concluded that the activation energy of reaction is very low. It would be more realistic to explain the observed caused by the concentration of dissolved oxygen which strongly decreases with increasing temperature. Therefore, a second order kinetic model considering the reaction rate r to be proportional to both C and S ox , where S ox is the solubility of oxygen at the given pressure and temperature, certainly would result in a more realistic determination of activation energy.
Lastly, a study was performed at the wastewater taken from the treatment plant of Corum Municipality and a yield of 62 % was obtained. This result was an indicator that the air oxidation can be used to remove manganese from wastewaters; however, the oxidation must be supported by a catalyst and strong oxidants to achieve higher yields especially in a reducing media. 
